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?????bulk acoustic wave: BAW?????????????????????????????
8 ? 1? ??
????????????????????? [3, 4]?????????????????????
??????????????????? 9?????????????????????????
????surface acoustic wave: SAW?????????????????????????????

















































?? Thomsen ?????????? BAW ??????????? BAW ???? SAW ???
???????????2002 ?????? GHz ?? SAW ?????????????????













10 ? 1? ??
????????????????????????????????????????? GHz?
? SAW?????????????? [15]?Mezil?? [19]????????????????
????????????????? SAW?????????????????????????










??????????? Rayleigh?????? [21, 22]???????????????????
????????????????????????????????????????????
????????????WGM ?????WGM ?????????????????????




???????WGM???????????? 1.2??????WGM?????? L ????
???L ???????????????????WGM????????????? l = ±L ??
???? l ????????????????????????????????????????
???????????????????????? N + 1 (N = 0, 1, 2, · · · )???????????



































(a) l = 7, n = 0 (b) l = −7, n = 0 (c) l = 16, n = 0 (d) l = 16, n = 1
(e) l = 7, n = 0 (f) l = −7, n = 0 (g) l = 16, n = 0 (h) l = 16, n = 1
? 1.2 2 ??????????????????????????????????????


















(a) l = 7, n = 0 (b) l = −7, n = 0 (c) l = 16, n = 0 (d) l = 16, n = 1












??(a)-(d)???? (l, n) = (7, 0), (−7, 0), (16, 0), (16, 1)??????????????(e)-(h)??
?? (a)-(d)??????????????????????????????????????
??????? 1.2??????????????????




左回りWGM (l > 0)
右回りWGM (l < 0)
銅製円盤
? 1.4 ???? [15, 19]????????????????????????????????
??????????????????????????WGM?????????? l > 0?














































(c) ⾯外曲げ波 (d) 捻り波
(b) ⾯内曲げ波
? 1.5 ????????? 4????????????(a)????(b)??????(c)???
???(d)???????????????????????????


































































???? [59–70]?????Tang? Cheng [68]???????????????????????
????????????????????????????????????????????
16 ? 1? ??
?????????????????????????????????????????????

























































































*2 ???????????? BAW??????????? SAW?????????????????????????
????????????????? BAW? SAW?????
2.1 GHz? SAW????????????WGM??? 19
???????????????????????????? 1/ frep ? Dirac comb???????
??????????????????? frep ? Dirac comb?????????????????
? SAW???? f ?????????????????????????? SAW????? m?
??????????? f = m frep ????????????????? SN??????????
?????????????????????????????????????????????
fmod ( fmod > 0)????????? SAW??????????????? f = m frep,m frep ± fmod ?








??SAW???? τ ?????????????????? 1????????????????
?????????????????????????????????????τ ???????



























SAW??????????? Ω??????????????Ω????????????? V0, φ
?????? t?????Ω???????*4?? N(t)??????
Vs = V0 cos(Ωt + φ) + N(t) (2.1)
????????? Vr (r: reference)??????? Ω????????????????????
??? EOM?????????????????????????????????? Ω???
?????????????????????????????????????????????
?????????? 1??????Vr = cosΩt ???????????????????????
?????????




(cos φ + cos φ cos 2Ωt − sin φ sin 2Ωt) + N(t) cosΩt (2.2)
????????????????????????? (V0 cos φ)/2 ?????????????
?*5????????????????????????? Ω ???????????????
V0 cos φ??? X???????????pi/2???????????????? pi/2??????
??????????? Y??? V0 sin φ???????????? X, Y???????? X,Y ?
???
X = V02 cos φ























2.1 GHz? SAW????????????WGM??? 21
??????????????????????????????????????? X ???
?????? Y ???????2.1.1 ?????????? SAW ?????????????
???????????????????????????????????????????
m frep ± (Ω/2pi) = m frep ± fmod ??????????????? 2.1.1 ????? m ???????









?????????????? x ??? 45°???????????????? x ??? 2.3?
???????????y ????????z ????????????????????????
?????????????????????????non-polarizing beam splitter: NPBS????
???????? PBS 1? Probe 1?????? Probe 2?????????????Probe 1???
??????? Probe 1? PBS 1????????QWP 1?quarter-wave plate, λ/4???????
?????????????????????????????????????????????
??????? Probe 1??? QWP 1???????????????????PBS 1???? 3
????????????? NPBS???????????????????? Probe 2?????
???????????????????? 2????????????????????????
???2?????????????????????????????????????????






??????? NPBS?????????? Probe 1?????Probe 2????????????
???? 2????????????????????????????????????????







22 ? 2? GHz??WGM?????????
A B A B














縦偏光 (vertical polarized light) 横偏光 (horizontal polarized light)
左回り円偏光 (left-handed circularly polarized light)














? 2.3 ????????????????????(a), (b)???? Probe 1?????????
????????(c), (d)???? Probe 2????????????? 45°?????? PBS 1
? Probe 1? Probe 2? 2?????????????????2??????????????
??? A, B????????????????
2.1 GHz? SAW????????????WGM??? 23
2.1.4 2?????
???????????????????????????????? SAW?????????





























x′y′ ???????????????? Γ??????? 2???????????











? 2.5 2????????????????????????????? 2?????????
?????????? 2????????2????????????????????????
???????? i????????????? n????? α ???????????? r?




??? xz ??????? x ?????? 2??????????? y ?????????????
?????? 2.5??????????????? x ??????? x ′ ??? 2.4????????
????????????? y ??????? y′ ??????????????????????
???2??????????????? r?????????????????????????
??????? i? 2??????????? n???????????????? 2??????
???? α????
???? 2??????y ???????????????θ ???x ????????????
??φ ????????????????????????????????????????*7?
2??????????????????????? r′ ????????r′ ? r????????
? 2θ ???????? 2φ cosα ??????????????????????????????
??? 2(F/F ′)θ ????????? 2(F/F ′)φ cosα ????????F ? F ′ ?????????
?????????????????????????????????????????????
????????????????? Λ???????????????????? Γ = (x ′, y′)?
Γ = (−2Λ(F/F ′)θ,−2Λ(F/F ′)φ cosα)??????????2???????? θ ??? φ????















f ??????? k ??????????WGM ??????????????????????
???????????????????????WGM??? SAW?????????????
?????????????WGM?????????????? f ????????? k???
??WGM???????????????????????? l, n????WGM??????
????????????????????????????????????????????
???????????? r, θ ???????????????????????????????
?? τ ????????????? τ ???????????? Xcn? Ych??????????
X(r, θ, τ),Y (r, θ, τ)????????????????????
S(r, θ, τ) = X(r, θ, τ) + iY (r, θ, τ) (2.4)
?????






S(r, θ, τ) exp[i(2pi f τ − lθ)]dθdτ (2.5)
?????????? rl f ?????????????????? F(r, l, f )? rl f ???????

























(b) (c) (d)下向き円弧 上向き円弧 左巻き風⾞ 右巻き風⾞




























????????????????????spatial light modulator: SLM???????????
??????????????????????????? A???????????? SLM??
2.2 ?????????WGM????????? 27














??? CGH?????????? CGH????????? CGH????? CGH???????
? CGH? Clark???????????? [109]??????????????????????
????????????????????????? SLM?????????????????
????????? CGH?????????????????????????????????

































































????????????? [15] ? Mezil ? [19] ?????????????International
Sematech????????????? 2.9???????? (100)???? Si?????????

















? 2.9 ?????????Si ??? (100) ??????????????????????
SiO2, Si3N4, SiO2 ?????????? SiO2 ?? Cu????????????
*11 ?????????????????????????????????????????????????????
??





????????????? Cu??????????????? SiO2??? SAW???????











????????? 2????????????????????? 2.6???? 11??????
???????WGM??????????????????????????
????????????????????????????????????????????
830 nm???? ∼100 fs???????? frep = 75.7 MHz??????????? SHG????
????????????? 415 nm??????????????????? 830 nm?????
??????????????? SHG????? 2??????? 2.10???????????
????????????? EOM???? fmod = 1 MHz???????????????EOM?
????????????????? SLM?????????LCOS-SLM X10468-01??????
????????????? SLM????????*12?SLM?????????? 800 × 600?
???????????? 20 × 20 µm2 ???????????? CGH ???????????
????????????SLM??????????????????????????????
????????????????????2????????????????????????
?????????????????????????????? 0 − 13.2 ns?????????
???????????????????????????????? 1????????????
??? 2.10 ??? 2.1 ????????? 2 ????????????????????????
??????????????????????????? A, B???????????????
???????????????? SAW??????????????????????????
∼ 1 µm?????????????????????????????? ∼ 1 µm????
????????????????????????????????????????????
????????????????????????????????????????????






??? 2??????????????????????????????? 9.5 mW, 1.1 mW??























? 2.10 ??????????????????? 2.1 ???????????? EOM ???
????????SLM?????????????????????????????????
????????2??????????????????????????????????
32 ? 2? GHz??WGM?????????
????????????????????????????????????????????
??????????????????????????? 2.12????
???????? WGM ???????????????????????Mezil ?????
? [19]???????????????????? n = 0?WGM????? |l | = 14?? |l | = 43
????????????????????????????????????????????




?????? 2 MHz????????WGM???????± 4 MHz???????????????
???????????? 2.1 ?????????????????WGM ??????????
???????????????????????????????????????? 11???



















































?????????????? |l | ????? (GHz) ?????????? (GHz)
15 0.532 7 frep ± Fmod = 0.529, 0.531
22 0.677 9 frep − Fmod = 0.680
31 0.833 11 frep + Fmod = 0.834
36 0.912 12 frep − Fmod = 0.909
41 0.984 13 frep ± Fmod = 0.983, 0.985
????????????WGM? 11???????????????? l = ±22???????
????? 11????? 22????? l = ±22??????????????????????
??????????????????????? 11????????????????????
????????????????WGM?????????????????????????
l = ±11????????????? l = ±22????????????????????????








50 × 50 µm2 ??????????????????????????????? 2.13 ??
??????????? 0 ns?? 13.2 ns??? 28????? 0.49 ns?????????????
??????????????????????????? SAW??????? 0 ns??????
?? X??? Y????????????? Xch? Ych????????????? SAW???
?????????????????WGM????????????????????????
?? SiO2 ????? SAW???????????????????? Cu???????????
???? SAW???????????????????????
???????????? 2.1.5?????????? F(r, l, f )???????????????
|F(r, l, f )| ????????????????? l = ±15?WGM???????????????
??????????????? 2.1.5????????WGM????????????????
???? F(r, l, f )? rl f ???????????????????WGM????????????
?? l = ±15 ? WGM ????????????? 2.14 ? l = ±15 ?????????????
??r = 17.4 µm????????????? |F(r, l, f )| ???????? 2.14?????????
????????? l = ±15, f = 531 MHz?????????????????? frep = 75.7MHz
34 ? 2? GHz??WGM?????????
10−1
⾯外変位速度 (arb. units)
(a)  Xch, 2.9 ns (b)  Xch, 7.4 ns (c)  Ych, 2.9 ns (d)  Ych, 7.4 ns
(e)  Xch, 2.9 ns (f)  Xch, 7.4 ns (g)  Ych, 2.9 ns (h)  Ych, 7.4 ns
上向き円弧
下向き円弧
? 2.13 ????????????? SAW ???????????????????????
???? 50 × 50 µm2 ????(a), (b)?????????????????????????



























(a) 下向き円弧型波源 (r = 17.4 μm)
30150−30 −15
(b) 上向き円弧型波源 (r = 17.4 μm)
? 2.14 ????????????? r = 17.4 µm???? l f ????????? |F(r, l, f )| ?
???(a), (b)?????????????????????????????????????



















































上向き円弧型波源 (f = 531 MHz)
? 2.15 ????????????? f = 531 MHz????????? |F(r, l, f )| ????(a),
(b)????????????????????????????? rl ????????????
(c), (d) ???? (a), (b) ????? l = ±15 ???????????????????????
????????????? 1?????????????????????????????
?????????? l = 15,−15???????(a), (b)??????? (c), (d)???????
r = 17.4 µm????
??????????? fmod = 1 MHz???????????????????????????
????? f = fmod,m frep ± fmod (m = 1, · · · , 13)?????????????????? 2.14??
?????????????????????????????? l = ±15?WGM??????
???? f = m frep + fmod (m = 1, · · · , 13)??????????????????????????
??l = 0??????????? V????????????????? l ??????????
??????WGM??????????????? V??????? l = 0??????????
?????????WGM????????????WGM??? SAW?Rayleigh???????
??????????? l = ±15, f = 531 MHz???????????????????????
? 2.15 ???????? 2.14, 2.15 ????????? l = ±15, f = 531 MHz ???? rl f ??
??????????????????????????????????????(l, n) = (±15, 0)
?WGM?????????????????????????????? l = 15?WGM???
l = −15?WGM??????????? 2.15(c)??????????????????????
?????l = 15???? l = −15WGM????? 1:0.83??????????????????
?????? l = −15?WGM?????????? 2.15(d)?? l = 15???? l = −15WGM?
??????? 0.83:1????
36 ? 2? GHz??WGM?????????
??????????????????????????????????????? 2 ??
WGM??????????????? 2.14? V?????????????? l = ±9,±12,±22?




60 × 60 µm2 ??????????????????????????????? 2.16 ??
??????????? 0 ns?? 13.2 ns??? 29????? 0.47 ns????????????
??????????????????????????????????????? SAW???
???? 0 ns???????? X??? Y????????????? Xch? Ych??????
???????????????????????????? l = ±22?WGM?????????
?????????????????????? 2.17, 2.18????? 2.17? l = ±22??????
10−1
⾯外変位速度 (arb. units)
(a)  Xch, 1.4 ns (b)  Xch, 8.5 ns (c)  Ych, 1.4 ns (d)  Ych, 8.5 ns
(e)  Xch, 1.4 ns (f)  Xch, 8.5 ns (g)  Ych, 1.4 ns (h)  Ych, 8.5 ns
右巻き風⾞
左巻き風⾞
? 2.16 ????????????? SAW ???????????????????????
???? 60 × 60 µm2 ????(a), (b)?????????????????????????




























(a) 左巻き風車型波源 (r = 17.5 μm) (b) 右巻き風車型波源 (r = 17.5 μm)
−22 22 33110−33 −11−22 22
? 2.17 ????????????? r = 17.5 µm???? l f ????????? |F(r, l, f )| ?
???(a), (b)?????????????????????????????????????


















































右巻き風⾞型波源 (f = 680 MHz)
? 2.18 ????????????? f = 680 MHz????????? |F(r, l, f )| ????(a),
(b)????????????????????????????? rl ????????????
(c), (d) ???? (a), (b) ????? l = ±22 ???????????????????????
????????????? 1?????????????????????????????
?????????? l = 22,−22???????(a), (b)??????? (c), (d)???????
r = 17.5 µm????
38 ? 2? GHz??WGM?????????
?????????r = 17.5 µm????????????? |F(r, l, f )| ????????????
??????????????????????????l = ±22???????????????
???l = ±11?????????????????????? l = ±22?WGM????????
?????????????????????????????????????????????
???????????????????????????? 2.1????????WGM????












































???????????????????????????????? Cu??????? SiO2 ?
??fused silica?????????? 2.19??????????????????????????
???????????????????? 8.93 × 103 kg m−3?4.76 × 103 m s−1?2.33 × 103 m s−1
???SiO2?fused silica???????????????????? 2.21 × 103 kg m−3?5.97 × 103
m s−1?3.76 × 103 m s−1 ??? [110]?????????????????? 2.19????????
?????4???????????????????????????????????????
???????????????????????? 0.025 ns ????????????????
? l ? 4?????????WGM?????????????????????????? 2.20
????????????????????????????? 5 µm, d ???? 45° ?????
外⼒印加部
（波源）
Cu円盤（直径 20 μm、厚さ 2 μm）
SiO2基板（直径 30 μm、厚さ 10 μm）
? 2.19 WGM???????????????????????????????? SiO2 ??
????Cu????????????? 20 µm, 2 µm????SiO2 ????????????
? 30 µm, 10 µm???????????????? 4???????????????????
????????????????




(a)  0.8 ns (b)  5.8 ns (c)  100.0 ns (d)  200.0 ns
? 2.21 d = 1.0 µm, θ = 50◦ ???????????????????(a)-(d) ???? 0.8 ns,
5.8 ns, 100.0 ns, 200.0 ns?????????????????????????
?????????? θ ???????????WGM???????????????????
? d = 1 µm, θ = 50◦ ??????????? θ ???? d = 1.5 µm, 0.5 µm??????d ???
? θ = 45◦, 55◦ ???????????????????????? 0 ns?? 200 ns???????
??? 0.125 ns????????? 0 ns???????????? 0.5 µm?? 3 µm??????
??? 32000???????Cu???????????????????????????????
2.7.2 ???????
???? d = 1 µm, θ = 50◦ ???????????????????????????????























40−40 32241680−32 −24 −16 −8
? 2.22 d = 1.0 µm, θ = 50◦ ?????????????WGM??????????????

















(a)  l = ±24 (b)  l = ±28
? 2.23 d = 1.0 µm, θ = 50◦ ???????????????????????WGM????
??????(a)-(c)???? l = ±24,±28???????????????? l > 0?????
??? l < 0?????????????????????????????? n = 0, 1, 2, ... ?
???
?????????100 ns?????WGM????????????????? 100 ns?? 200
ns????????????????????WGM????????????????????
????? Cu???????????????????? 2.22??????????????? l
? 4?????????WGM???????????????? 2.22????????????
????????????????????????WGM ??????????? 2.23 ????
? 2.23???????????? l > 0? l < 0?????WGM???????????????
?????????????????????????WGM?????????????? 2.22
???????????? n = 0?? l = ±8,±12,±16?WGM????????????????
??????????????WGM???? 1????????????
???????? d ???????????????????? 2.24 ???????????
? WGM ????? d = 1.0 µm, θ = 50◦ ?????????????????????l = 24 ?
42 ? 2? GHz??WGM?????????
周波数 (GHz)
(a)  l = ±24 (b)  l = ±28
周波数 (GHz)
d = 1.5 μm の場合


























(c)  l = ±24 (d)  l = ±28
? 2.24 d = 1.5 µm, θ = 50◦ ? d = 0.5 µm, θ = 50◦ ????????????????????
???WGM??????????(a), (b)???? d = 1.5 µm, θ = 50◦ ?? l = ±24,±28??
?????????????? l > 0???????? l < 0????????????????
?????????????? n = 0, 1, 2, ...????(c), (d)???? d = 1.5 µm, θ = 50◦ ???
????????
l = −24?WGM??????????????????????????????????l = ±28
?? d = 1.5 µm???? n = 1????WGM??????????????????d = 0.5 µm
???? (l, n) = (±28, 1)?WGM??????????????????(l, n) = (±28, 0)????
????????????
????? θ ???????????????????? 2.25????? 2.25???θ = 45◦ ?
?????????? n = 1 ???? WGM ????????????????θ = 55◦ ????







(a)  l = ±24 (b)  l = ±28
周波数 (GHz)


























(c)  l = ±24 (d)  l = ±28
θ = 55° の場合
? 2.25 d = 1.0 µm, θ = 45◦ ? d = 1.0 µm, θ = 55◦ ????????????????????
???WGM??????????(a), (b)???? d = 1.0 µm, θ = 45◦ ?? l = ±24,±28??
?????????????? l > 0???????? l < 0????????????????




























????????????????????? 8.0 mm??? 80.0 mm??????????? 80.0
mm????????????????????????????????????????? 3.1































? 3.2 ????????????????????????????????????? T ?
??U??????H???????????????
3.1 4?????????????? 47
(a) (b) (c) (d)
(e) (f) (g) (h)
























?????????? 2 ?????????????????????????? COMSOL ?
??????????????????????? 4?????????????????????
?????????? 3.3(e)-3.3(l)?????????????????????? 0.91 kHz???
????? 0.99 kHz???????? 1.01 kHz?????? 0.98 kHz?????????????
?????????????????????? 2.79 × 103 kg m−3?6.32 × 103 m s−1?3.13 × 103
m s−1 ??? [110]????????????????????????????????????
????????????? 4?? 1????????????????????? 8500????
















? 3.4 ????????????????????????(a) ??????????????
???????? 1, 2, 3????????????????????????????????
4???????????????????? 4????????? 3.3(b)?????????







???????? 1, 2, 3??????????????????????????????????
?? 4??????????????????????????????????????????






















??? ?? ???????? ???????? ???
?? ?? 0.95 0.17 0.42
?? 0.05 0.73 0.06
??? 0.00 0.10 0.52
???? ?? 0.96 0.24 0.39
?? 1, 2, 3 0.03 0.57 0.06
?? 4 0.00 0.20 0.03
??? 0.00 0.02 0.52
???? ?? 0.83 0.29 0.30
?? 0.17 0.61 0.17
??? 0.00 0.09 0.52
?? ?? 1.00 0.31 0.41
?? 0.00 0.57 0.03
























????????????? k, a??????????????? a = 80.0 mm???????
????????????????????????????????























? 2???????? ta, th?a: axial, h: horizontal????????????1.2.5????????
?????????????????????????????????????????????
?????????????????????????????????????????????
(a) (b) (c) (d)
(e) (f) (g) (h)

















??? ?? ???????? ????????
?? ?? 0.95 (0.00) 0.16 (-0.01)
?? 0.05 (0.00) 0.73 (-0.01)
??? 0.00 (0.00) 0.11 (0.01)
???? ?? 0.95 (-0.02) 0.20 (-0.03)
?? 1, 2, 3 0.04 (0.00) 0.57 (0.00)
?? 4 0.00 (0.00) 0.12 (-0.05)
??? 0.02 (0.02) 0.11 (0.08)
???? ?? 0.79 (-0.04) 0.24 (-0.05)
?? 0.18 (0.02) 0.48 (-0.13)
??? 0.02 (0.02) 0.28 (0.19)
?? ?? 1.00 (0.00) 0.29 (-0.02)
?? 0.00 (0.00) 0.56 (0.00)


















? 3.7 ????????????????????????????????????? ta, th ????
?????????????????????????????????????????????
?????????????????????????????????????
??????????? ta, th ??????????????????????????????
? 3.8??????????????????????????????? ta, th ????? 3.8?
?????????????????????????????????????????????
??????????????????????????????????? ta ????????
?????????????????th ???????????????? ta, th ????????
?????????????????????????????????????????????
????????????????????????????????????????????























































? 3.8 ???????????????????? ta, th ????(a) ta ????(b) th ????




? 3.8????????????????????? th ??????????????????
????????????? th = 6 mm?????????????????th ? 6 mm?????
?????????????????????????????????????????????
th = 4 mm????????????????????????????????????????
?????????????????????????? th = 8 mm????? 3.1?? 3.2???
???????????????? 3.3??????????? 3.4???? ? 3.1?? 3.2???
th ????? 4??????????????????????????????????????
?????????? 3.4????????????????? th = 4 mm???????????
??????????????????????????????? th = 8 mm????? 3.2??
?????????????????????? th ?????????????????????




? 3.3 ????????????????????????th = 4 mm????????????
?????????????????? 3.3?? 3.4????????????????????
????????
??? ?? ???????? ????????
?? ?? 0.95 0.17
?? 0.05 0.72
??? 0.00 0.11
???? ?? 0.96 0.23
?? 1, 2, 3 0.03 0.56
?? 4 0.00 0.17
??? 0.00 0.04
???? ?? 0.82 0.27
?? 0.17 0.61
??? 0.00 0.11
?? ?? 1.00 0.31
?? 0.00 0.57
??? 0.00 0.12
? 3.4 ??????????????????????th = 4 mm????????????
?????????????????? 3.3?? 3.4????????????????????
????????
??? ?? ???????? ????????
?? ?? 0.95 (0.00) 0.16 (-0.01)
?? 0.05 (0.00) 0.70 (-0.02)
??? 0.00 (0.00) 0.14 (0.02)
???? ?? 0.58 (-0.38) 0.05 (-0.18)
?? 1, 2, 3 0.05 (0.02) 0.30 (-0.26)
?? 4 0.03 (0.03) 0.05 (-0.13)
??? 0.34 (0.34) 0.60 (0.56)
???? ?? 0.77 (-0.06) 0.20 (-0.07)
?? 0.20 (0.02) 0.43 (-0.18)
??? 0.04 (0.04) 0.37 (0.25)
?? ?? 1.00 (0.00) 0.28 (-0.03)
?? 0.00 (0.00) 0.56 (0.00)
??? 0.00 (0.00) 0.15 (0.03)




































































































???????? 41 mm, 0.4 mm????????????? 0.23 mm????????????
???? 25 mm??????????? 23 mm????????????????????????
























? 3.10 ???????????????(a) ????????????????????? 10
???????????????????????????????????????????












??????? 2.05 g???*3?????????????????? 2.2 kHz?????????
????????????????????????????? 10 mV/(m s2)??????? 2 Hz
-7 kHz????????????????????? 10 mm??????????? 4.4 g????
?????????? 1 Vp−p ????????????????????????? 500-1500 Hz
???? 20 Hz ?????????????????????????????????????
?????????????????????????????????????????????
??????????????? 2????????? 3.10(b)-3.10(e)?????????????








???? Vin ???????? 3.11?????????????????? A? dB??????
? A = 20 log10(Vout/Vin) ?????????????????????????????????
??????????????????????????????????? 1 kHz???????
?????????????????????????????????? 1 kHz ???????
?????????????????????????????????????????????




















































































???????????????????????????? k˜ = k + iκ ???? A cos (k˜ x + φ)?
????????k, κ ???????????? A, φ?????????????????????
???? k ?????? κ ????????????????????????????????
????????k ?? κ ???????? 2????????????????????????
?????*4????????????????????????
f (x) = A exp (−κx) (3.1)
???????
g(x) = A cos (kx + φ) exp (−κx) (3.2)
??????????????
*4 ??????????????????????????????????????????????????
















加速度 az (arb. units)
0 1
(d) 捻り
? 3.13 ?????????????????????????????(a)-(d) ??????
????????????????????????????????????????????
??????????????????????????? x, y, z???????? ai (i = x, y, z)
? i ???????????????????????????????? (a)-(d)???? 915








f (x)???????????κ ???? 2????????
F(x) = A1 exp (−κ1x) + A2 exp (−κ2x) + C (3.3)
?????????????????????????????????????? Ai, κi (i = 1, 2)




































































(b)  950 Hz
0.8
? 3.14 ????????? 10?????????????????????????????





??????????????????????? T????? 3.2????????? x ∼ 0.6 m
????? 3.14(d)????????????????????????????????????




?? g(x)????????????? 3.15(c)?? 3.15(d)??????????????? g(x)?
?????????????? k ′ ?????????????? 2????????????
G(x) = A1 cos (k1x + φ1) exp (−κ1x) + A2 cos (k2x + φ2) exp (−κ2x) + C (3.4)
??????????????????????? ki, φi (i = 1, 2) ????????????
g(x),G(x)????????????????????????????????????????







































































0.6 0.80.2 0.4 0.6 0.80.2 0.4
? 3.15 ??????????? 10 ??????????????????????????
??(a)-(d) ???? 960 Hz, 1000 Hz, 1055 Hz, 1130 Hz ????(a)-(d) ??????????
???????????????????? g(x) ??????????????(c) ? (d) ??
??????? G(x)???????????????(c)? (d)??????????????






???? g(x)??? G(x)????????????????? 3.16(a)????????????
?????????????? 900 Hz???????????????????????????
?????????????????????????????????????????????
???????????? x = 0 m???????? x = 0.8 m????????????????
???????????????????????????????30????????????






















(c)  1220 Hz
0.0 0.2 0.4 0.6 0.8



































? 3.16 ??????????? 10???????????????????????????
??(a)-(d)???? 900 Hz, 960 Hz, 1220 Hz, 1255 Hz????(a)-(d)????????????
?????????(a)? (b)???????(c)? (d)????????????? G(x), g(x)?
??????????????
⻑⼿⽅向の距離 (m)





















? 3.17 ??????? 900 Hz???? 30???????????????????????
??????????????????????????????????? G(x) ?????
??????????















) (c)  1020 Hz
0.0 0.2 0.4 0.6 0.8














































???? 970 Hz, 985 Hz, 1020 Hz, 1080 Hz ????(a)-(d) ??????????????


































???????? κ ??????????? N, a ??????????????????????
??????Ain, Aout ???????????????????????????????????
??????? N = 10, a = 80.0 mm????????????????????????????
? Vin,Vout ????? Vin ∝ Ain,Vout ∝ Aout ???????????????????? κ ?????





































?????????? κ ?????????????????????? κ ??????????
??????????????????????????????????? κ ?????????
?????????????????????????????? κ ??????????????























































l1, d1, k1 ?????? 3???????????????????? l2, d2, k2 ??????????
????????????? 2??? 3??????????????????????? 2???
????????? 3.20(a)? y ???? F ???????????????? x ????????
????????? 3.20(a)?????????????? y ?????????????????
Euler-Bernoulli????? [111]??????????????????????????????
?????????????????????????????? 2?? 3.20(b)????????













??????? I (a)1 , E ??????? 2??? 2??????????????????????
h(x)?
h(x) = − F
6EI (a)1
x3 + C1x2 + C2x + C3 (3.7)
??????? Ci (i = 1, 2, 3) ??????????? 2 ? x = 0 ????????????
dh(0)/dx = 0, h(0) = 0?????????C2 = 0,C3 = 0????????????? 2? x = l1 ?
?????????? dh(l1)/dx = 0????C1 = Fl1/4EI (a)1 ????????
















??????? 3??? 3.20(a)?? y ?????? F ?????????? 3.20(c)??????

















??????? l1 = 22.4 mm, l2 = 64.0 mm, d1 = d2 = 2.40 mm, t = 8.00 mm,m = 4.15× 10−2 kg, E =
73.1 GPa?????? fana = 1.09kHz????????????????????????? fsim
?sim: simulation?? fsim = 0.910kHz????
????????????????????????????????????????????
?????????????????????? fana ?????????????????????
?? fana > fsim ??????? fsim ????????????????????????????
???????????????????????
68 ? 3? kHz????????????????????????
3.6.2 ?????
????????????? 3.21????????????????????????????
?????? 1??? 2?????????????????????????????????? 1
??? 2???????????????????????????????? 3.21??????
?????????????????????????????????????????????





+ K1θ = 0 (3.12)



































??????? d1 = 4.8 mm, d2 = 3.2 mm, t = 8 mm, l1 = 28.8 mm, l2 = 4 mm, J(d1, t) = 1.85×10−10











???????????????????????? fsim = 0.980 kHz??????? fana > fsim ?
?????????????????????????????????????????????




???????? 1??? 2??? 3?*7???????????????????????????
??????????????????????????????????????? 3.22(b)??
O????????????????????????????????????????????
??????????? O???? 3.22(a)? y ?????? 0.2 mm?????????????
????????????????????? m ?????? 1??? 2???????????
????????????? d1, l1, k1 ?????? 3??????????????? d2, l2, k2 ??
???? 1??? 2?????? d3 ???? O??? 3?????? l3 ???????????
























????????(b) ?????????????????????? O ??????????
???????????????????????????????
*7 ?????????? 3.1?????
70 ? 3? kHz????????????????????????
?????????????????????? ui (i = 1, 2, 3)?????????







u3 = −θl3i (3.18)
??????????θ ?????????? θ ?????????? 2 ???????????
























(i = 1, 2) (3.21)











??????? l1 = 22.4 mm, l2 = 28.8 mm, l3 = 17.6 mm, l4 = 20.9 mm, d1 = 2.4 mm, d2 = 4.8 mm,
d3 = 3.2 mm, m = 3.84 × 10−2 kg, E = 73.1 GPa?????? fana = 0.806 kHz?????????












?????? 3.23 ?????????????????????????????????? 3








バネ1 (L字型), k1 バネ2 (L字型), k1
? 3.23 ???????????????????????????????????????
???????????????? 1, 2? L????? 3? T???????????????
???????????????????????????????????????????
???
????? 1 ??? 2 ???? L ????????????????????????????
?????????? A?B????????????????? 1?2 ?? A?B ??????
?????????????????????????????????? k1 ?????? 3 ?
T ??????????????? C???????????????????????????
? 3 ?????? k2 ??????????? A?B?C ??????????????????
?????? 3.23 ? x, y ?????????????????????COMSOL ??????
???????????? A?B?C ??????????????????????????
????? k1 = 5.9 × 105 Nm−1, k2 = 1.3 × 106 Nm−1 ???????????????????
m = 3.02 × 10−2 kg ???????????? f = (1/2pi)√(2k1 + k2)/m = 1.44 kHz ??????


























































?????? ta ?????????????????????????? th ??????????





































? κ ???????????????????? 3.19? κ ??????????????????
??? 3?????????????????????????????????????????



























????????????polarizing beam splitter: PBS?
??????????????????????????????????
?????????????non-polarizing beam splitter: NPBS?
??????????????????????????????????
λ/4??quarter-wave plate: QWP?
?????????? 2 ???????????? pi/2 + 2npi???? n ?????












???????spatial light modulator: SLM?
???????????????????????????????? LCOS?liquid
crystal on silicon?-SLM ????????????????????????????
????????????????????????????????????????
????????????????????????????????????????



























??? 2??????? Probe 1? Probe 2?????????????????????????





δϕ(τ) = 2kuz(τ) (B.1)
?????????? k ???????????????δϕ ???????????????
exp[i(ωt − kz)]????????????????ω???????t ????z?????????
???????????? z ?????????????Probe 1? Probe 2??????????
?????????? τ = τ1, τ2 (τ2 > τ1)?????





r = r0 exp (iϕ0) (B.3)
????????????? r0 ??? ϕ0 ??????????????????????????
τn (n = 1, 2)???????? r ′n ????
r ′n = r0(1 + ρn) exp [i(ϕ0 − δϕn)]
= r(1 + ρn) exp (iδϕn) (B.4)
???????????????????? ρn, δϕn ??????????????????
δϕn ≡ δϕ(τn) ?????????????????????????????????????
????????????????????????????????????????????
ρn, δϕn ???? 2????????????????
r ′n ≃ r(1 + ρn + iδϕ) (B.5)
80 ?? B ???????
?????????????????????????????????????????????
?????????????????????????????????????????????







?h: horizontal, v: vertical????????????????? x ??? 45°??????????
?????????????????? Eh = Ev = 1/
√
2??????? PBS 1???? Probe 1?








????????????????????????????????? τ1, τ2 ?????????
?????????????????? Probe 1??????? Probe 2????????????
?? QWP 2 ? HWP ???? Probe 1 ? Probe 2 ???????? PBS 2 ??????????
??? 2?????????????????????????????????????? QWP



















cos θ − sin θ






cos θ sin θ








cos2 θ + i sin2 θ (1 − i) sin θ cos θ






cos 2θ sin 2θ











r ′1Ev + ir
′
2Eh







Ev + ρ1Ev − δϕ2Eh + i(Eh + ρ2Eh + δϕ1Ev)




???????????????????? Iv, Ih ????
Iv =




[E2v + E2h + 2(ρ1E2v + ρ2E2h + δϕ1EvEh − δϕ2EvEh)], (B.15)
Ih =




[E2v + E2h + 2(ρ1E2v + ρ2E2h − δϕ1EvEh + δϕ2EvEh)] (B.16)
??????????????????? ρn, δϕn ? 2?????????????????B.2??
??B.15????B.16????2?????????????????????
Ih − Iv = 4kr2EvEh[uz(τ2) − uz(τ1)] (B.17)












????????????????????2 ?????????????????? z ????
????? z????? 2??????????????? z?????????????????
??? x ?? y ?????????????????????? r? z ?????????? j ?
? j = x, y, z????????? ej ?????
r = ez (C.1)






















? C.1 2???????????????????????????(a) 2??????????
?????(b)????????????z ?? 2?????????????????????
?????2??????????????????????????? θ, φ?????????
???????????????????? r?????????????????? ξr, ζr ??
???????????? r′??
84 ?? C ??????????????
???????−i? n????? α??????????????????
i = sin 2α ex − cos 2α ez, (C.2)
n = − sinα ex + cosα ez (C.3)
??????? 2????????????????????? θ, φ??????????????
?????????????????????????????????????????????
θ, φ? 2??????????????????????2?????????????? n′ ?
n′ = − cos φ sin (α − θ) ex + sin φ ey + cos φ cos (α − θ) ez (C.4)
??????????????????????? r′ ?
r′ = i − 2(n′ · i)n′ (C.5)
?????????
r′ =[sin 2α − cos2 φ (sin 2α − sin 2θ)]ex
+ sin 2φ (cosα cos θ − sinα sin θ)ey
+ [− cos 2α + cos2 φ (cos 2α + cos 2θ)]ez (C.6)
????????????????? θ, φ? 2????????????
r′ = 2θex + 2φ cosα ey + ez (C.7)
??????????????????? r??????r ′(j)? r′? j ????? r′???????
ξr = cos−1
[






tan2 2θ + 1





(r ′(y)ey + r ′(z)ez) · rr ′(y)ey + r ′(z)ez  |r|
]





?????????????????? C.2(a)???? Y ???2??????????????















? C.2 Yz ????????????(a) Y ?????(b) Yz ??????????????z ?
???????? 2????????????????Y ?????????????????
???(a)?????? 2???????????????????(b)???????????
??????????????????????z?????? z1 ?? z2 ??????????
M???????????????????? (Yin, z1)????? Θin ???????????
???? (Yout, z2)???? Θout ??????
??????? z ???????? Y ???????????????????????????
??????????????????????? z???????? z??????????? Yin
???????? Yout????? Θin??????? Θout??? C.2(b)?????????????



























???? [116] *1??????? 2?????????????????????????????
??????????













86 ?? C ??????????????





1 − cos2 Θrr′
cos2 Θrr′
=
√√√√1 − ( r·r′|r | |r | )2(
r·r′

















?? 2?????????????????? xyz ?????????????????????
??????????????? F ′ ????????????????????????????
????????????? iobj ?
iobj = A(F ′ tanΘouteY + F ′ez)
≃ −AFΘrr′eY + AF ′ez (C.17)
?????????A????????? eY ? Y ?????????????????2???? r′
? iobj ???????????????r′ ? x, y ????? iobj ? x, y ?????????????
eY =
1√
4θ2 + 4φ2 cos2 α




(θex + φ cosα ey) (C.18)






















































isample = Λ tanΘ′outeY + Λez
≃ −2FΛ
F ′
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